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The influence of ion current density on the thickness of coatings deposited in a vacuum 
arc setup has been investigated to optimize the coating porosity. A planar probe was used 
to measure the ion current density distribution across plasma flux. A current density from 
20 to 50 A/m2 was obtained, depending on the probe position relative to the substrate 
center. TiN coatings were deposited onto cutting inserts placed at different locations on 
the substrate, and SEM was used to characterize the surfaces of the coatings. It was 
found that low-density coatings were formed at the decreased ion current density. A 
quantitative dependence of the coating thickness on the ion current density in the range 
of 20 to 50 A/m2 were obtained for the films deposited at substrate bias of 200 V and 
nitrogen pressure 0.1 Pa, and the coating porosity was calculated. The coated cutting 
inserts were tested by lathe machining of the martensitic stainless steel AISI 431. The 
results may be useful for controlling ion flux distribution over large industrial-scale 
substrates. 
DC discharges; ion-assisted deposition; process control; thin films 
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I. Introduction 
Plasma reactors and systems [1] have been widely used for etching, deposition and modification of 
thin films and other nanostructures [2,3,4,5]. During the plasma treatment process, the structure and 
properties of films grown at low ion energy and strong ion fluxes differ from those of the films 
deposited at high ion energy [6,7] but low ion flux [8,9,10]. The film growth temperature is also 
influenced by the ion current and in turn, affects the film properties [11,12,13]. Therefore, the ion 
current density is the key parameter to be controlled either to ensure uniformity of the plasma 
treatment from the center of the substrate to the edge [14,15], or to tailor the characteristics of the 
growing film by varying the current density in particular areas of the substrate [12,16,17].  Whilst 
structure zone diagrams (SZD) may be used to qualitatively describe the influence of ion current 
density on the properties of a processed surface, they are not suitable to completely explain a 
material’s behaviour.  This is because any combination of substrate, film material, and deposition 
conditions constitues a unique system that is not adequately described by SZD and must be treated 
experimentally. 
 
Recently a method involving the control of ion current density to regulate the ion flux extracted 
from a range of plasma reactors was published [18,19,20,21]. This method allows the plasma flow 
to be focussed to a particular area of the substrate to obtain high-density ion fluxes, as well as de-
focussed to uniformly process large-area substrates. Defocusing ensures a rise in the productivity by 
increasing the number of pieces being processed in a single cycle. However, an average ion current 
density over the substrate remains low. As a result, the coating performance will decrease due to the 
formation of the pores in the coating. Thus, it is very important to optimize the ion current density 
control to decrease the chance of the porous coating formation and to develop more effective and 
efficient plasma coating technology applications.  
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In this paper we investigate the influence of the ion current density on the formation of dense 
coatings on the substrates in the vacuum arc deposition system.  The motivation of the work is to 
determine the limits for the ion current density that are acceptable for the formation of TiN coatings 
on a surface of cutting tool inserts.  
 
II. Experimental setup and procedure 
A schematic of the experimental setup is shown in Fig. 1. It includes a vacuum arc plasma source 
and a planar probe for measuring the radial distribution of an axial component of the ion flux. The 
plasma source was fitted with a water-cooled truncated cone-shaped titanium cathode and a tubular 
water-cooled anode. The cathode cone was 60 mm long, with a 50 mm diameter upper surface and a 
base diameter of 60 mm. The anode had a 210 mm inner diameter and a length of 200 mm. A 
guiding coil was mounted on the anode which was used as a plasma duct. 
 
The plasma source was mounted on a flange of 500 mm diameter, 500 mm long cylindrical 
vacuum chamber. The dc arc current, Ia = 100 A, was applied between the cathode and the anode, 
which was grounded. Focusing and guiding coils generated an axial magnetic field in the plasma 
source. The focusing magnetic field Bf (0.03 T at the center of the focusing coil) was used to retain 
cathode spots on the cathode face. The guiding magnetic field Bg (0.016 T at the center of the 
guiding coil) was used to guide the plasma beam towards the substrate.  
 
A disk-shaped substrate made of non-magnetic stainless steel was installed in the vacuum 
chamber at a distance of 250 mm from the plasma duct exit in such a way that the substrate and 
plasma duct (anode) axes of symmetry coincided. The substrate diameter and thickness were 
400 mm and 8 mm, respectively. The substrate was under a negative potential of -200 V relative to 
the grounded walls of the vacuum chamber. An automated gas supply system maintained a nitrogen 
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pressure of 0.1 Pa in the chamber. The pressure was measured with the help of a thermocouple 
vacuum gauge and ionization gauge. 
 
A planar probe was used to measure the ion current density distribution in the axial plasma flux 
as a function of the probe position over the substrate (r axis in Fig. 1). The probe was a 
50×48×0.5 mm current-collecting plate made of polished non-magnetic stainless steel with a high-
temperature insulator on one side. The probe was connected to the power supply via a separate 
ammeter. When the vacuum arc plasma source was on, the voltage drop between the probe and the 
anode was 200 V, so the ion saturation current was collected [ 22 ]. The duration of each 
experimental run was 2 s. 
 
The cutting tool inserts (16×16×5 mm, 89 % WC + 15 %( Ti+Ta)C + 6 % Co) were placed on 
the substrate at points r = 0, 40, 70, 100, 130, and 160 mm to deposit TiN coating on the cutting 
surfaces. Before deposition, the inserts were cleaned and heated by the ion flux at a bias potential of 
1.5 kV for 8 minutes. The deposition time was 30 minutes. After deposition, the side surfaces of the 
cutting inserts were polished, and SEM images of the coating were made to determine the coating 
thickness and morphology. 
 
The cutting inserts were tested by lathe machining of the martensitic stainless steel AISI 431 
which is well-known as a material possessing very high hardness and strength combined with 
excellent toughness [23]. This steel is successfully used in a variety of aircraft and general industrial 
applications including fasteners, bolts, valve components, and chemical equipment. The cutting 
mode was as follows: cutting speed 230 m×min-1, line feed rate of 0.21 mm per rev., and depth of 
cut 1.0 mm. As a criterion of the critical wear of the insert, 0.4 mm of flank wear was assumed. 
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3. Experimental results and discussion 
The experimental data were approximated using the Gaussian distribution function, and the 
following expression for the ion current density is obtained: 
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where r is the coordinate along the substrate surface, mm. 
 
The dependence of the ion current density distribution on radius r (see Fig. 1) was examined 
during stable arc operation. Fig. 2(a) shows the results of the approximation of the experimental 
data points, which were obtained by averaging 10 measurements when using the planar probe. As is 
seen, the radial distribution of the current density is strongly non-uniform, it reaches a maximum of 
50 A/m2 at the substrate center (r = 0) and decreases to 18 A/m2 near the substrate edge 
(r = 180 mm). 
 
The distribution of the experimentally determined thickness of the coating deposited on the 
cutting inserts is shown in Fig. 2(b). The thickness data obtained were also approximated using a 
Gaussian distribution function as follows: 
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The distribution of the coating thickness is non-uniform varying from 5.01 µm at the substrate 
center to 2.74 µm near the substrate edge (r = 160 mm). It can be noted that decreasing the ion 
current density in 2.1 times (Ji(160) = 24 A/m2) leads to a decrease in the coating thickness by a 
factor of 1.8 times only. The maximum tool life Tc max = 33 minutes was obtained in the lathe 
machining test for the cutting insert located at r = 40 mm. A plot of a relative tool life Tc(r)/Tc max as 
a function of location r of the cutting inserts during the coating deposition is shown in Fig. 2(c). It 
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can be seen that a sharp drop of the tool life is observed for the cutting inserts located at 
r > 120 mm. 
 
Relative ion current distribution and coating thickness were also calculated, and are presented in 
Fig. 2(d). These results confirm a gradual divergence between the dependencies of the ion current 
density and coating thickness on radius r. Thus, the non-linear behavior of the coating thickness on 
the ion current density and formation of the porous coatings is present.  
 
Scanning electron microscopy (SEM) images of the coatings on the cutting inserts at different 
locations along the substrate surface are shown in Fig. 3. As one can see, the coatings in images (a)-
(d) are not damaged by the polishing, which can be regarded as an evidence of the dense coating. 
The coating in Fig. 3(e) demonstrates sighs of porosity, since the polished section is not even and 
the coating is damaged by the polishing near its surface. The fracture and peeling the coating off the 
insert surface shown in Fig. 3(f) can be due to inadequate mechanical properties of the coating. The 
fracture reveals the columnar morphology of the coating with the column diameter of about 200 to 
400 nm. 
 
To calculate the porosity, we use the property of an equation of a tangent line derived for a point 
of a function, to predict the function in the linear approximation. In our case, the tangent line 
equation derived for the dependence of the coating thickness on the ion current density for the ion 
current density at which the dense coating is formed, allows the value of the coating thickness to be 
predicted, assuming dense coating formation only. Any deviation of the real dependence from the 
tangent line can be calculated and considered as the porosity-related effect. 
 
The thickness of the coating is related to the ion current density through equations (1) and (2): 
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Assuming that the non-linearity of the above dependence results in the formation of a low-dense 
(porous) coating, the influence of the ion current on the coating structure may be estimated as 
follows: The dependence of the thickness of the dense coating on the ion current density is 
approximated by the equation of the tangent line to the curve (3) drawn through the point of the 
maximum ion current density, where the most dense coating is formed (i.e. 50 A/m2, according to 
Fig. 2(a)): 
( ) ( ) 10255009700 .J.Jh iic +−= . (µm)                                        (4) 
A relative volume of the coating can be estimated by the expression ( ) ( )( )30 icic JhJh which is 
plotted in Fig. 4, together with values hc(Ji) and hc0(Ji).  The coating porosity is calculated as 
( ) ( )( ) 130 −= icicCoat JhJhε ,                                                   (5) 
and hence, an increase of the porosity with decreasing ion current density can be determined. This 
increase may be attributed to the lower substrate temperature at the deposition site. 
For the cutting inserts, a test by lathe machining of the stainless steel has proven the workability 
of the coating obtained at the ion current density not less then 30-32 A/m2, which corresponds to the 
coating porosity of about 6 %. However, the acceptable level of the porosity and hence the 
minimum value of the ion current density can be varied for other applications such as decorative 
coatings. 
It should be noted that the influence of nitrogen pressure on the ion current density distribution 
over substrate surface was investigated in our previous work [21]. According to the results obtained, 
the nitrogen pressure weakly influences the ion current density in the pressure range of 0.01 to 
0.1 Pa, with the density decreasing when pressure approaches 0.1 Pa. The minimum current density 
of about 25 A/m2 was obtained for the pressure of 1 Pa. In this work, the coatings deposited at the 
minimum current density have demonstrated a poor performance. However, larger vacuum arc 
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plasma sources can provide higher ion current densities, and thus the formation of coatings with 
better performances can be expected for the ion current density above 50 A/m2. Thus, it can be 
supposed that the dependence of the TiN coating thickness on the ion current density obtained in 
this paper will be sound for the nitrogen pressure in the range of 0.01 to 1 Pa. 
 
 
4. Conclusion 
The investigation of the influence of the ion current density on the formation of dense coatings 
on the substrates in the vacuum arc deposition setup demonstrated: 
• A non-linear dependence of the coating thickness on the ion current density over the 
substrate immersed into the plasma flux extracted from the vacuum arc plasma source.  
• Decreasing ion current density from the substrate center toward its edges results in 
deposition of more porous coating, which is consistent with the trends of the structure 
zone diagram. 
 
 In our experiments, the ion current density decreased by 2.1 times (r = 160 mm) while the coating 
thickness decreased by 1.8 times only. From these data, the quantitative dependence of the 
thickness of TiN coating on the ion current density ranging from 20 to 50 A/m2 was obtained for 
coatings deposited at substrate bias of 200 V and nitrogen pressure 0.1 Pa.  
The results of this work can be used in the technological vacuum arc plasma setups with the 
controlled ion current density over the substrate. The results allow selection of the minimum value 
of the ion current density, and hence, maximum deposition area, to obtain uniform TiN coatings 
over large substrates for different coating applications (wear-resistant, corrosion-resistant, 
decorative etc.). 
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Fig. 1. (a) Experimental setup and (b) configuration of the magnetic field
installed at the top of the vacuum chamber.
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Fig. 2. Distribution of ion current and coating parameters as a function of coordinate r along the 
substrate surface. (a) Ion current density distribution. (b) Coating thickness. (c) Relative tool life 
Tc(r)/Tc max (Tc max = Tc(40) = 33 minutes). (d) Relative ion current density and coating thickness. 
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Fig. 3. SEM images of the coatings deposited on the cutting inserts at different locations r along the 
substrate surface for deposition time t = 30 minutes. (a) r = 0 mm; (b) r = 40 mm; (c) r = 70 mm; 
(d)  r = 100 mm; (e)  r = 130 mm;  (f)  r = 160 mm. 
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Fig. 4. Relative volume of coating as a function of ion current density and dependence of the 
coating thickness in linear and non-linear approximation. 
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